Abstract
INTRODUCTION
Angiogenesis coincides with increased tumor cell entry into the blood circulation and thus facilitates metastasis. Previous reports revealed that targeting angiogenesis represents a new strategy for antitumor therapy [1] . Vascular endothelial growth factor-A (VEGF-A) is the major player in tumor angiogenesis, which activates two tyrosine kinase receptors VEGFR1 (Flt-1) and VEGFR2 (KDR in humans/Flk-1 in mice). KDR was found to be overexpressed on activated endothelial cells of newly formed vessels and strongly associated with invasion and metastasis in human malignant diseases [2] . Gene therapy has made signifi cant progress in tumor therapy [3] . The effectiveness of suicide gene strategy directed against cancer cells has been shown for various tumor cell types [4] . Among several suicide gene prodrug combinations, the herpes simplex virus-thymidine kinase (HSV-TK) gene is a prototype. However, nonselective, ubiquitous expression of suicide genes may www.wjgnet.com cause unexpected adverse effects such as bone marrow suppression [5, 6] . Thus, prerequisite for achieving effective and safe gene therapy against cancer is the induction of a strong, tumor vascular-selective expression of suicide genes. The success of gene therapy largely depends on the development of a gene delivery vector that is safe, easy-performed, and efficient. Ultrasound exposure in combination with microbubble is a new non-viral delivery system that might improve transfection efficiency. Nie et al [7] have shown that a combination of microbubble contrast agents and ultrasound irradiation might be a benefi cial and much easier way for non-viral gene therapy.
In the present study, we established a KDR promoter to drive TK gene expression in human umbilical vein endothelial cells (HUVECs). Transfection was achieved by diagnostic ultrasound combined with a microbubble contrast agent. Our purpose was to analyze the cytotoxic effect of TK/ganciclovir (GCV) under the control of the KDR promoter on HUVECs.
MATERIALS AND METHODS

Cell isolation and culture
Primary HUVECs were isolated using the modified "irrigative digestion" technique as described by Jaffe et al [8] . Briefly, a transfusion silica gel tube was inserted into one end of new born aseptic umbilical cords after abdominal delivery from healthy pregnant women who had nor mal routine urinalysis and blood tests (women with any complications of pregnancy or viral infections were excluded) to flush the bloodstain remaining in the cavity repeatedly with PBS, and then 15-20 mL collagenase (Sigma, St. Louis, MO, USA) was injected into the vein cavity and retained 10-12 min for digestion. The collection of umbilical vein was fl ushed with PBS and the endothelial cells were collected and centrifuged at 1000 rpm for 8 min. Cells were resuspended and seeded in human endothelial-serum free medium (SFM) (Gibco, California, USA) supplemented with 100 mL/L fetal bovine ser um (FBS, Gibco), 2 ng/mL vascular endothelial cell growth factor (Sigma), 90 μg/mL heparin (Sigma), 100 U/mL penicillin, and 50 μg/mL streptomycin. Culture medium was changed after 24 h and then every three days (3 mL) till the cells became a confluent monolayer. The primary cells were allowed to grow for 3 passages (1:2 split). Viability was assessed by trypan blue dye exclusion staining (Sangong Biological Engineering technology, Shanghai, China). HUVECs were identified by staining with rabbit antihuman von Willebrand factor (Boshide Company, Wuhan, China), as well as by performing the acetylated low-density lipoprotein color reagent test (DiI-Ac-LDL) (Molecular Probes, Novato, Canada, Europe BV). Experiments were performed on cultures with a viability > 95%. The human hepatoma cell line HepG2 was obtained from Laboratory of Surgery of our institution and cultured in Dulbecco's modified Eagle medium (Sigma) supplemented with 10% FBS. The level of KDR expression in HUVEC and HepG2 cells was determined immunohistochemically.
Preparation of plasmid DNA
The pBluescript KDR-TK plasmid, which contains Herpes simplex virus thymidine kinase (HSV-TK) and the restriction sites for XhoI and SalI and which is driven by the KDR promoter, was kindly provided by Dr Li Baojin. The 2.2-kb KDR-TK fragment was extracted from pBluescript KDR-TK by a double digestion with XhoI and SalI (Takara Biotechnology Co.,Ltd, Dalian, China) and identified by electrophoresis and DNA sequencing. The pEGFP 4.7 kb carrier was released from EGFP plasmid DNA (donated by Doctor Zhang Ge, Laboratory of Molecular Medicine, Sun Yat-Sen University, China) containing the restriction sites for XhoI and SalI using the same technique. The KDR-TK was inserted into the same clone location of the pEGFP vector with T4 ligase (Takara) to construct a plasmid termed pEGFP-KDR-TK. Restriction enzyme digestion and DNA sequencing (Bioasia Biotech Ltd, Shanghai, China) were used to confi rm correct construction. The plasmid EGFP-KDR-TK was propagated in E. coli strain DH5α and purified using a large-scale plasmid DNA purifi cation kit (Plasmid Maxi Kit; Qiagen, Hilden, Germany). The purity of EGFP-KDR-TK plasmid DNA was assessed by ultraviolet spectrophotometry.
Preparation of microbubble contrast agent
The ultrasound contrast agent SonoVueTM (Bracco SpA, Milan, Italy) that was used in this study consists of 59 mg of sulfur hexafl uoride gas (SF6) and 25 mg of a freezedried white powder. Reconstitution of the material with 5 mL saline, yielded phospholipidstabilized microbubbles fi lled with sulfur hexafl uoride with a diameter of less than 8 μm (mean, 2.5 μm) [9] .
Gene transfer into cells with microbubble-enhanced ultrasound irradiation
HUVECs were seeded in 24-well plates at a density of 1.5 × 10 5 cells/well together with 15.0 μg of pEGFP-KDR-TK (50 μg/mL) in a total volume of approximately 300 μL and incubated for 20 min at 37℃. The 24-well plates were randomly divided into three groups with 8 samples in each group: group A, sham-exposure to ultrasound without addition of SonoVue; group B, exposure to ultrasound without addition of SonoVue, and group C, exposure to ultrasound with the addition of 2% SonoVue (600 μg/well). The ultrasound machine used was HP-Viewpoint 2500 scanner (Phillips Medical System, Bothell, MA, USA). An E94K213 transcranial vector transducer probe (12 mm in diameter) was placed on a polyester fi lm (thickness, 6 μm) that covered the 24-well plate with 10 mm thickened contact gel between the probe and the polyester fi lm, and the cells were exposed to 1.9 MHz continuous ultrasound for 5 min at an 80.0 mW/cm 2 output intensity ( Figure 1 ). Five minutes after the first exposure, another 3 min exposure was performed under the same conditions. Cell viability was tested immediately after exposure by trypan blue dye exclusion staining. Cells were then incubated in SFM, 10% FBS, and 2 ng/mL vascular endothelial cell growth factor in 5% CO2 at 37℃ for 48 h. Transfection effi ciency was determined by fl uorescence microscopy (Leica, Danaher Corporation, Wetzlar, Germany).
Subsequently, the cells were incubated for another 4 h before they were subjected to selection with 600 μg/mL G418 (Gibco). At that time point when most of the cells in group A had died, G418 concentration was decreased to 200 μg/mL to maintain fi ltrate effi cacy. After around three weeks of selection, a stable G418-resistant cell pool has formed as visualized by fl uorescence microscopy. Cell colonies named KDR-TK/VEC were transferred with filter paper dipped trypsin to anther 24-well plate and cultured in an humidified atmosphere with 5% CO2 at 37℃ for 3 d for subsequent experiments.
Sensitivity of cells to prodrug KDR-TK /VEC, HUVEC, and HepG2 cells in logarithm growth term were detached by amylopsin (Sigma), the number of viable cells was determined by trypan blue dye exclusion, and viable cells were seeded in 96-well plates at a density of 2 × 10 3 cells/well. One day later, the cells were treated with 500 μL of fresh medium in the absence or presence of varying concentrations of GCV (0, 1, 10, 50, or 100 μg/mL). After incubation for 3 d, the sensitivity of cells to GCV was assessed using conventional 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) assay [10] . The percentage of suppressive cells was calculated with the following formula:
Relative suppressive rate = (1 -average OD570 of experiment/OD570 of control) × 100%.
Statistical analysis
Data were expressed as mean ± SD. The statistical signifi cance of the data was compared by using two paired Student t test. ANOVA was used to analyze the differences among the different groups. Results were considered signifi cant at P < 0.05.
RESULTS
Identifi cation of HUVEC and KDR expression in cell lines
The average amounts of the endothelial cells isolated from umbilical cords using modifi ed "irrigative digestion" technique were 1 × 10 6 cells. Light microscopic studies found that after 5 d in culture, HUVECs grew in confl uent monolayer without a defi nable whirling pattern. The cells were homogenous, closely opposed, large, and polygonal with an oval centrally coated nucleus and indistinct cell border ( Figure 2 ). Factor is an important plasma marker of endothelium damage/dysfunction, which can also be detected in death or dysfunctional endothelial cells. The positive dye was brown in cytoplasm of HUVEC stained with the factor related antigen ( Figure 3A) . Compared with the factor , DiI-Ac-LDL can be taken up only by the living endothelial cells. The living HUVECs incubated with DiI-Ac-LDL are found to be red fl uorescence under the fluorescent photomicroscope ( Figure 3B ), while the dead cells are uncolored. In the present study, the DiI-Ac-LDL stain revealed that more than 95% HUVEC were alive. To estimate the selectivity of the strategy using the KDR promoter, it is necessary to identify KDR-positive and KDR-negative cell lines. As shown in Figure 4 , immunohistochemical analysis revealed KDR expression in HUVECs but not in HepG2.
Identifi cation of recombinant plasmids
The positive clone of recombinant pEGFP-KDR-TK, which contains the neomycin resistance gene and the independent KDR promoters controlling the expression of TK, was identifi ed by restriction endonuclease cleavage and sequencing. DNA sequencing and electrophoresis showed correct KDR-TK insertion into the pEGFP carrier ( Figure 5 ).
Transfection of HUVECs with pEGFP-KDR-TK
The transient transfection rate was assessed by fl uorescence microscopy 48 h after transfection. Fluorescent microscopy revealed that the cells in group A had no obvious coloration ( Figure 6A ). Fluorescent staining was observed in few cells (1.7%) in group B (stimulated by ultrasound only, Figure 6B ), whereas the HUVECs transfected by the pEGFP-KDR-TK in group C (stimulated by both SonoVue and ultrasound exposure) showed clear green fluorescence within 20.3% HUVECs indicating EGFP expression ( Figure 6C and D). EGFP and TK were coexpressed in HUVECs by microbubble-enhanced ultrasound irradiation, followed by selection of permanent transfectants in the presence of G418. The G418-resistant cells were named KDR-TK/VEC.
Cell survival rate
The percentage of surviving cells was examined by trypan blue dye exclusion after ultrasound exposure. The cell survival rates were 94.0% ± 1.1% in the group A, 93.5% ± 0.9% in the group A and 90.2% ± 0.9% in group B (Figure 7 ).
Sensitivity of genetically modifi ed cells to GCV
We selected GCV as a prodr ug and examined the sensitivity of KDR-TK/VEC, HUVEC, and HepG2 to GCV. As shown in Figure 8 , HepG2 cells were found to be resistant to GCV, and the value of IC 50, defi ned as the dose required for 50% cytotoxicity, was > 100 μg/mL (the highest concentration tested). HUVECs exhibited a higher sensitivity to GCV in comparison to HepG2, when the concentration tested was above 50 μg/mL, the IC 50 value for HUVECs was still more than 100 μg/mL. Conversely, KDR-TK/VEC cells were susceptible to GCV in a dosedependent manner and exhibited approximately 75% suppression at a GCV concentration of 100 μg/mL, with the IC 50 value being approximately 10 μg/mL. KDR-TK/VEC cells also showed signifi cantly higher sensitivity to GCV compared to non-transfected HUVECs, resulting in 2 to 5-fold higher suppression to GCV.
DISCUSSION
Acquired drug resistance is a major problem in cancer therapy. Many deaths from cancer may follow the development of resistance to chemotherapy. The emergence of resistance depends in part on the genetic instability, heterogeneity, and high mutational rate of tumor cells [1] . In contrast, endothelial cells have relative genomic stability. Therefore, antiangiogenic therapy targeting tumoral endothelial cells may avoid the problem of drug resistance. In addition, the growth and persistence of solid tumors and their metastases are angiogenesis dependent [11] , thus angiogenesis provides a target for therapeutic approaches to solid tumor, and the inhibition of angiogenesis is very promising.
Most angiogenic inhibitors are biologically active peptides. It is diffi cult to express proteins persistently and stably in vivo, and the complexity and time requirement for protein purification make their clinical application infeasible [12] . Gene therapy is an attractive means of delivering these antiangiogenic agents to tumor site, and targeting the tumor vessels could avoid potential side effects. Although several previous studies have shown the effectiveness of TK targeting in endothelium as antiangiogenic strategy, few of them have reported with suicide gene therapy by targeting TK in the vasculature and not in the human tumor cells [13, 14] . Ozalki et al have shown that vWF2 promoter combined with HSV-TK suicide gene can exert an endothelial-preferential killing effect on the transduced HUVECs in vitro [15] . Von Willebrand factor (vWF) is a blood glycoprotein which is excreted by endothelium and megakarcytos, and the elevation of vWF 
is not only found in cancer, but also in other cardiovascular diseases [16] . Consequently, tumor vessels are not accessible targets for antiangiogenic gene therapy, when the vWF2 promoter and HSV-TK/prodrug are administrated systemically. Compared with vWF, KDR has a major role in tumor angiogenesis, and in adulthood, KDR appears mostly restricted to vascular endothelial/lymph endothelial cells [2] . Because of the overexpression of KDR in tumors vasculature, KDR-promoter did not yield high TK protein expression in normal vasculature, whereas in endothelial cells within tumors. Dancer and colleagues indicated that expression of TK driven by an endothelial-specific promoter can cause significant decrease in microvessel density and inhibit tumor growth [17] . The suicide gene used in this study has been widely used in gene therapy of animal tumors, and it encodes an enzyme that can effectively phosphor ylate the antiviral nucleoside analogue ganciclovir (GCV) to its monophosphase form, which is further phosphorylated by cellular kinases to DNA polymerase inhibitors [18] . Apoptosis has been demonstrated as the major mechanism of cell death caused by the HSV-TK/GCV system in different cells [19, 20] . The present study demonstrated that KDR promoter and the suicide gene/prodrug system showed a targeted killing effect on transfected HUVECs. The sensitivity of KDR-TK-transfected HUVECs to GCV was found to be about 2 to 5-fold higher when compared to non-transfected HUVEC and HepG2 cells.
Viral delivery systems have been developed as highly efficient carriers for gene delivery to a variety of tissues. However, viral gene carriers have some major disadvantages such as possible immune response, severe inflammation reactions, the risk for insertional mutagenesis, and interference with expression of cellular genes [21, 22] . Recently, ultrasound together with microbubble has been recognized as a useful means for controlled delivery of drugs. Although the mechanism of enhanced transfection efficiency by ultrasound is not yet fully understood, cavitation is an important event that increase capillary permeability and produce transient nanopores in cell membranes. SonoVue as well as other microbubble can be rapidly destroyed by the sonication, and the threshold of cavitation decreases after addition of microbubbles. In this study, we demonstrate that widely used diagnostic ultrasound and microbubble-based ultrasound contrast agent can also be applied for the delivery of DNA. The expression of EGFP in HUVECs was just 1.7% in the group only treated with ultrasound, whereas the expression rate signifi cantly increased to 20.3% (P < 0.001) when treated with ultrasound and SonoVue. In contrast, therapeutic or high-intensity focused ultrasound has been used for most of the described ultrasound-facilitated gene delivery and gene transfection experiments [23] [24] [25] . An advantage of using diagnostic ultrasound instead of therapeutic ultrasound allows visualization of the site of interest and microbubble possible by using conventional ultrasound imaging systems. In this study, more than 90% of the cells treated with ultrasound and SonoVue were viable. Though the longer exposure time used in our experiment, the cell viability in this study is also higher than that using therapeutic ultrasound [26] . Although the transient transfection rate of KDR-TK in this study is relatively low compared with other studies using viral vectors, we believe this disadvantage can be offset by lower acoustic frequency, higher ultrasound output, or longer exposure time.
Our observation also suggested that non-transfected HUVECs have more sensitivity to GCV, compared with non-transfected HepG2 cells. The mechanism was not yet understood; we speculated that the lower sensitivity to GCV of non-transfected HepG2 cells might partly involve the defi ciency of TK in tumor cells [27] . In summary, our study revealed that, on the basis of the KDR-mediated invasion, TK/GCV can accomplish a selective killing effect on HUVECs in vitro. KDR promoter and the suicide gene/prodr ug system mediated by diagnostic ultrasound combined with microbubble may present a novel and attractive approach for gene therapy to target tumor vessels.
COMMENTS
Background
Tumor angiogenesis plays a critical role in the development and progression of the solid tumor. Targeting angiogenesis represents a new strategy for antitumor therapies. Ultrasound exposure in combination with microbubble is a new non-viral delivery system.
Research frontiers
Gene therapy to target tumor vessels can cause a significant decrease in microvessel density and inhibit tumor growth. Just as therapeutic ultrasound, diagnostic ultrasound in conjunction with microbubbles can also be a useful gene delivery system.
Innovations and breakthroughs
Diagnostic ultrasound-facilitated gene delivery on targeting the vascular endothelial cells has not been used. This study established a specifi c promoter in order to target gene expression in human umbilical vein endothelial cells and demonstrated that diagnostic ultrasound combined with microbubble can be a useful gene delivery system.
Applications
This study showed KDR promoter and the suicide gene/prodrug system mediated by diagnostic ultrasound can significantly kill human umbilical vein endothelial cells. This may present a novel and attractive approach to target gene therapy on tumor vessel.
Terminology
Microbubble: microscopically gas bubbles encapsulated by an elastic shell, can be used in diagnostic and therapeutic applications.
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